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Objectives. We studied the effects of left ventricular (LV)
unloading by an implantable ventricular assist device on LV
diastolic filling.
Background. Although many investigators have reported reli-
able systemic and peripheral circulatory support with implantable
LV assist devices, little is known about their effect on cardiac
performance.
Methods. Peak velocities of early diastolic filling, late diastolic
filling, late to early filling ratio, deceleration time of early filling,
diastolic filling period and atrial filling fraction were measured by
intraoperative transesophageal Doppler echocardiography before
and after insertion of an LV assist device in eight patients. A
numerical model was developed to simulate this situation.
Results. Before device insertion, all patients showed either a
restrictive or a monophasic transmitral flow pattern. After device
insertion, transmitral flow showed rapid beat to beat variation in
each patient, from abnormal relaxation to restrictive patterns.
However, when the average values obtained from 10 consecutive
beats were considered, overall filling was significantly normalized
from baseline, with early filling velocity falling from 87 6 31 to
64 6 26 cm/s (p < 0.01) and late filling velocity rising from 8 6
11 to 32 6 23 cm/s (p < 0.05), resulting in an increase in the late
to early filling ratio from 0.13 6 0.18 to 0.59 6 0.38 (p < 0.01) and
a rise in the atrial filling fraction from 8 6 10% to 26 6 17% (p <
0.01). The deceleration time (from 112 6 40 to 160 6 44 ms, p <
0.05) and the filling period corrected by the RR interval (from
39 6 8% to 54 6 10%, p < 0.005) were also significantly
prolonged. In the computer model, asynchronous LV assistance
produced significant beat to beat variation in filling indexes, but
overall a normalization of deceleration time as well as other
variables.
Conclusions. With LV assistance, transmitral flow showed
rapidly varying patterns beat by beat in each patient, but overall
diastolic filling tended to normalize with an increase of atrial
contribution to the filling. Because of the variable nature of the
transmitral flow pattern with the assist device, the timing of the
device cycle must be considered when inferring diastolic function
from transmitral flow pattern.
(J Am Coll Cardiol 1997;30:1288–94)
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The mechanical left ventricular (LV) assist device has been
used to provide hemodynamic support for heart failure after
cardiotomy and cardiogenic shock after acute myocardial
infarction, and as a “bridge” to heart transplantation (1–5).
Although many investigators have reported reliable circulatory
support with the assist device (6–10), little is known about its
effect on cardiac performance. One implantable LV assist
device, HeartMate (1000IP and 2000, ThermoCardiosystems
Inc.), drains blood from the LV by a pressure difference
between the LV and the device, and the device ejects it into the
ascending aorta (3,5,7,9). Echocardiography shows that the left
atrium and LV decrease in size immediately after insertion,
and the aortic valve typically does not even open, suggesting a
significant reduction of both LV preload and afterload (5,7).
Because some forms of heart failure could potentially recover
with LV assistance (11,12), it is of practical importance to
determine how this significant unloading influences cardiac
performance, in particular the filling of the ventricle during
diastole.
Transmitral flow velocity determined by Doppler echocar-
diography represents the time course of LV filling (13,14).
Although Doppler indexes of transmitral flow are only indirect
measures of diastolic function (relaxation and compliance)
(15–17), they are still useful to assess global diastolic perfor-
mance on a beat by beat basis (18,19), reflecting the combined
effect of diastolic dysfunction and altered loading conditions
(20–24). For instance, in the early phase of congestive heart
failure, early diastolic filling is reduced, with the atrial filling
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wave increased in compensation (abnormal relaxation pat-
tern). Later, with a progressive reduction in LV compliance
and a compensatory rise in atrial pressure (23), early filling
increases to a normal level (pseudonormalization), eventually
becoming higher than normal with rapid deceleration and little
or no late filling (restrictive pattern). Because dramatic
changes in the loading conditions to the ventricle (and possibly
in diastolic function) may be seen after LV assist device
insertion, significant changes in ventricular filling should be
expected. Furthermore, the asynchronous nature of the de-
vice’s filling and pumping provides a unique physiologic model
to explore the impact of ventricular loading on transmitral
flow. In this study, to determine the effect of the LV assist
device on LV diastolic performance, we measured transmitral
flow velocity using Doppler echocardiography before and after
insertion of the assist device. In addition, we developed a
computer model simulating the hemodynamic variables of the
failing heart with the assist device, modifying the previous
lumped-variable model developed and expanded by us (17,23–
27). Using this model, we simulated LV diastolic filling pat-
terns under support to understand the physical basis for
changes in the filling pattern.
Methods
Study group. Eight patients with end-stage heart failure
were studied during HeartMate LV assist device insertion as a
“bridge” to heart transplantation. All were men, aged 35 to 64
years (mean 50 6 10) and were in sinus rhythm before and
after insertion of the device. Disease etiology was idiopathic
dilated cardiomyopathy in seven patients and ischemic cardio-
myopathy in one patient. Despite inotropic support (n 5 8),
intraaortic balloon counterpulsation (n 5 5) and mechanical
ventilation (n 5 3), the mean cardiac index was 1.40 6 0.22
liters/min per m2 (range 1.15 to 1.80) at the time of insertion.
The study protocol was approved by the Institutional Review
Board of the Cleveland Clinic Foundation, and written in-
formed consent was obtained from all patients.
HeartMate device. The HeartMate device is an implant-
able, pneumatically driven, pusher-plate type pump (3,5,7,9)
housed in the patient’s left upper abdominal space, with the
inflow cannula inserted into the LV apex and a 25-mm Dacron
graft anastomosed to the proximal ascending aorta. Blood
drains passively from the LV through a porcine bioprosthetic
valve into the pump by a pressure difference between the
ventricle and pump, and then is ejected through the valved
outflow conduit into the ascending aorta. The maximal stroke
volume of the pump is 85 ml, with a maximal flow of ;11
liters/min (3,5,7,9). The pump is driven in either a fixed-rate
(adjustable beats/min) or an automatic mode. In the automatic
mode, the pusher-plate automatically ejects when the pump
chamber is ;90% filled, maintaining an average stroke volume
of 78 ml. This mode allows natural adjustments in cardiac
output to the physical demand, without synchronization to the
patient’s native cardiac rhythm. Typically, the HeartMate was
driven in the automatic mode starting shortly after weaning
from cardiopulmonary bypass and maintained throughout the
entire period of ventricular support.
Echocardiography. Intraoperative transesophageal echo-
cardiography was performed in the standard manner at the
time of insertion with a commercially available echocardio-
graphic system (Hewlett-Packard Sonos OR and Sonos 1500 or
Acuson 128XP, Acuson Corp.) and a 5.0-MHz phased-array
transducer. Transmitral flow velocity was recorded using
pulsed Doppler echocardiography in either the basal four-
chamber or the LV long-axis views, locating a sample volume
at the tips of the mitral leaflets. Recordings were made at two
times in the operating room: 1) before cardiopulmonary bypass
and assist device insertion; and 2) after insertion when the
patient had been weaned from cardiopulmonary bypass and
were hemodynamically stable while the assist device was
functioning in an automatic mode. Measurements were made
for 10 consecutive beats and included peak velocities of early
diastolic filling (E wave), late diastolic filling (A wave), late to
early filling velocity ratio (A/E ratio), deceleration time of
early filling (DT) and diastolic filling period (DFP) corrected
by the RR interval ([DFP/RR] 3 100). Atrial contribution to
the filling was assessed by the atrial filling fraction, which was
calculated as a fraction of the time velocity integral of late
diastolic filling to that of total diastolic filling. Because severe
mitral regurgitation has a significant influence on the transmi-
tral flow pattern (28), the severity of mitral regurgitation was
assessed semiquantitatively by planimetry of the maximal
regurgitant jet area depicted by color Doppler echocardiogra-
phy (29).
Chamber size was also assessed at the same points using
transesophageal two-dimensional echocardiography. Left
atrial systolic diameter was measured as the distance between
the lateral atrial wall and atrial septum in the basal four-
chamber transesophageal view. Left ventricular diastolic and
systolic diameters were measured either transgastrically or
basally (30,31), and fractional shortening was calculated. An-
atomic landmarks (papillary muscle, aortic and mitral valves)
were used to ensure that measurements were made at the same
left atrial or LV location before and after insertion.
Computer simulation. To explore the physical basis for the
observed changes in transmitral flow velocity patterns under
ventricular support with the assist device, a numeric model was
used. A precursor of this model has been described in detail
(17,23–25), which consisted of three coupled differential equa-
tions, reflecting the left atrium, mitral valve and LV. The
current model (27) now consists of 24 coupled differential
Abbreviations and Acronyms
A 5 peak velocity of late diastolic filling
A/E 5 late to early filling velocity ratio
DFP 5 diastolic filling period
DT 5 deceleration time of early filling
E 5 peak velocity of early diastolic filling
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equations, relating flow throughout the right and left heart and
peripheral and pulmonary vasculature; it has been used to
predict the changes in left atrial pressure and pulmonary
venous flow patterns when preload and afterload are varied in
the setting of mitral regurgitation (26) and has been shown to
closely match transmitral and pulmonary venous flows and left
atrial and LV pressures in the intraoperative setting. In the
current study, the model was modified to assess changes in left
atrial and LV pressures and transmitral flow patterns with LV
assist device function. This was done by modeling a second
outflow from the ventricle into the assist device. For simplicity,
this second outflow took a fixed amount of blood from the LV
and injected it into the systemic vasculature. To model the
asynchronous nature of the assist device function, the native
heart rate was set at 100 beats/min with the device filling and
pumping at 80 beats/min. Thus, over a 3-s simulation interval,
five native heart beats but only four device beats occurred. The
model was allowed to run for 30 s of simulated function to
allow any pressure and flow transients to be distributed
throughout the vasculature before data were collected. The
principal output analyzed was the time course of left atrial and
LV pressure and transmitral flow, simulated with and without
the device functioning.
Statistical analysis. Echocardiographic and hemodynamic
variables (expressed as mean value 6 SD) before and after
insertion were compared using the paired Student t test. We
considered results significant when p was ,0.05. To assess beat
to beat variability, the coefficient of variation was determined
by dividing the SD by the average value of 10 consecutive
beats.
Results
Changes in hemodynamic variables. Heart rate decreased
from 103 6 13 to 97 6 7 beats/min (p 5 0.130). Mean left atrial
pressure decreased from 26 6 9 to 10 6 4 mm Hg (p , 0.005),
indicating a significant fall in LV filling pressure. The mean
cardiac index (pump index) increased from 1.40 6 0.22 to
2.98 6 0.39 liters/min per m2 after assist device insertion (p ,
0.001).
Changes in transmitral flow pattern. Table 1 demonstrates
that before device insertion, all patients showed either a
restrictive (early filling .. late filling; n 5 5) or a monophasic
(only early filling; n 5 3) transmitral flow velocity pattern, with
a mean DT of 112 6 40 ms, consistent with severe congestive
heart failure (22). After insertion, however, transmitral flow
showed rapid beat to beat variation in each patient, changing
from an abnormal relaxation pattern (early filling , late filling)
to a restrictive pattern in a matter of seconds: the E wave
ranged from 50 6 26 to 79 6 28 cm/s; the A wave ranged from
19 6 16 to 46 6 31 cm/s; and the A/E ratio ranged from 0.36 6
0.31 to 0.88 6 0.58 in each individual. Figure 1 shows one
patient with a marked variation in the A/E ratio within only 3
or 4 heartbeats. The coefficients of variation after insertion
were significantly larger than those before insertion, indicating
considerable beat to beat variation of each index. However,
Table 1. Changes in Doppler Indexes Before and After Left Ventricular Assist Device Insertion
E (cm/s) A (cm/s) A/E AFF (%) DT (ms) (DFP/RR) 3 100
Before After Before After Before After Before After Before After Before After
Minimum 85 6 31 50 6 26 8 6 10 19 6 16 0.12 6 0.17 0.36 6 0.31 7 6 9 13 6 12 108 6 40 128 6 40 39 6 7 47 6 11
Maximum 88 6 31 79 6 28 8 6 11 46 6 31 0.13 6 0.19 0.88 6 0.58 8 6 11 40 6 27 115 6 41 194 6 40 41 6 8 62 6 11
Average 87 6 31 64 6 26† 8 6 11 32 6 23‡ 0.13 6 0.18 0.59 6 0.38† 8 6 10 26 6 17† 112 6 40 160 6 44‡ 39 6 8 54 6 10*
CV (%) 1.5 6 1.0 16.5 6 8.8* 1.2 6 2.6 22.8 6 17.4† 1.4 6 2.4 24.4 6 24.7‡ 3.1 6 5.4 24.6 6 27.0‡ 2.4 6 1.3 15.9 6 5.4* 1.8 6 0.9 7.4 6 4.1*
*p , 0.005. †p , 0.01. ‡p , 0.05. Data presented are mean value 6 SD (variation over 10 beats in a given patient [averaged across the gradient] 6 variation among
patients). A 5 atrial filling velocity; A/E 5 late to early filling velocity ratio; AFF 5 atrial filling fraction; CV 5 coefficient of variation; DFP/RR 5 diastolic filling
period corrected by RR interval; DT 5 deceleration time of early filling wave; E 5 early filling wave velocity.
Figure 1. Beat to beat variation of
transmitral flow velocity pattern
after LV assist device insertion.
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when the average values of 10 consecutive beats were used, the
overall filling pattern tended to normalize. Early filling signif-
icantly decreased and late filling increased, resulting in an
increase in the A/E ratio and a significant increase in atrial
contribution to filling. Both the DT and the DFP were
significantly prolonged (Table 1).
Changes in mitral regurgitation and chamber size. Mitral
regurgitant jet area decreased from 7.1 6 5.8 to 3.4 6 3.9 cm2
with assist device functioning (p , 0.01). Chamber size de-
creased immediately after insertion: left atrial diameter from
48 6 6 to 37 6 5 mm (p , 0.005), LV diastolic diameter
from 68 6 14 to 44 6 9 mm (p , 0.005) and systolic diameter
from 63 6 15 to 39 6 6 mm (p , 0.001). The beat to beat
variability of chamber diameters was not as apparent as in the
Doppler transmitral flow patterns. Left ventricular fractional
shortening did not show significant changes before and after
assist device insertion (6.9 6 3.1% vs. 10.0 6 9.1%, p 5 0.491).
Computer simulation. Figure 2 shows the numeric model-
ing of transmitral flow and left atrial and LV pressures without
(top) and with (bottom) LV support by the assist device. In this
simulation, ventricular systolic dysfunction was modeled with
an end-systolic elastance of 4 mm Hg/ml, whereas diastolic
dysfunction was produced by reducing the ventricular volume
constant (the volume needed to raise diastolic stiffness by a
factor of e, 2.71) to 25 ml. Without the assist device (Fig. 2, top),
transmitral flow shows a restrictive filling pattern with an A/E
ratio of 0.41 and a DT of 80 ms. With the assist device functioning
(Fig. 2, bottom), the modeled transmitral flow pattern shows a
beat to beat variation from abnormal relaxation to restrictive
patterns, resembling the actual clinical transmitral flow pattern
shown in Figure 1. The overall hemodynamic data improved
with a 28% increase in cardiac output, despite a fall in
ventricular end-diastolic pressure from 25 to 13 mm Hg.
Discussion
The implantable LV assist device is receiving more wide-
spread use as a bridge to heart transplantation, and clinical use
Figure 2. Computer simulation of transmitral flow
velocity pattern before (upper panel) and after (lower
panel) left ventricular assist device insertion. LA 5 left
atrial; pla 5 left atrial pressure; plv 5 left ventricular
pressure; DP 5 change in pressure.
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for permanent circulatory support is beginning (7,12). How-
ever, little is known about the complex interaction between the
device and the native heart.
Impact of LV assist device on loading conditions. In this
study, we showed a significant fall of LV filling pressure with
decreases in left atrial and LV size after insertion of the assist
device. A previous study has shown that intraventricular sys-
tolic pressure decreased to 30 to 40 mm Hg immediately after
insertion (32), a finding consistent with other investigations
showing that the major effects of the LV assist device on the
heart are reductions of both preload and afterload (5,7,33).
For the Doppler recordings of this study, the assist device
functioned in an automatic mode, whereby ejection occurs
when ;90% of the pump chamber is filled, independent of the
native cardiac cycle. Therefore, the pump filling usually over-
laps some native systole and diastole, resulting in asynchronous
ventricular unloading relative to the native cardiac cycle. The
variable timing of pump filling in relation to native ventricular
filling is more comprehensible by inspecting Figure 3, a color
M-mode Doppler scan showing the spatiotemporal velocity
distribution from the left atrium (top) through the mitral valve
and LV into the device inflow cannula at the LV apex
(bottom). The device cycle length is ;830 ms, longer than the
native RR interval of 680 ms, leading to variable timing
between the assist device filling and transmitral flow. For
example, when the assist device fills just before mitral opening
(second and third transmitral flow waves in Fig. 3), early filling
is markedly enhanced (the yellow color indicates aliasing and
velocities .80 cm/s) with small late filling, consistent with
“restrictive” filling; in contrast, when the mitral valve opens
before the assist device fills (fourth and fifth transmitral flow
waves), early filling is small and late filling is enhanced,
consistent with the “delayed relaxation” pattern. Because the
fundamental ventricular diastolic properties are unlikely to
vary on such a short time scale, these fluctuations in filling
likely reflect acute shifts in loading conditions.
Beat to beat variability of transmitral flow. We found that
the transmitral flow velocity pattern showed a beat to beat
variability in each patient immediately after assist device
functioning. Numerous clinical and experimental studies have
shown that transmitral flow is affected by both ventricular
diastolic function and loading conditions (16,17,23,24,34–38).
However, the principal physical determinants of transmitral
flow velocity are the impedance of the mitral apparatus and the
instantaneous pressure difference between the left atrium and
LV (16,17). In the present study, the mitral apparatus and its
impedance should not significantly change with assist device
insertion (and certainly not beat by beat). Therefore, we
focused on the instantaneous transmitral pressure difference as
the cause for variability in the transmitral velocity pattern
during asynchronous support.
The computer simulation of transmitral flow velocity pat-
tern under device support (Fig. 2, bottom) closely resembled
the actual flow pattern seen clinically (Fig. 1 and 3). Because
the variation in the numeric model resulted solely from beat to
beat variation of left atrial and LV pressures (because tau and
other diastolic function variables were fixed), this strongly
suggests that variable loading conditions caused the transmi-
tral flow variations seen clinically under device support.
Thus, the transmitral flow velocity pattern can show beat to
beat variation under normal functioning of the assist device.
Therefore, if the variation disappears suddenly, it would
indicate malfunctioning of the assist device. We saw such a
patient who showed a restrictive filling pattern constantly over
beats, and turned out to have a malfunctioning assist device.
Overall improvement of LV filling with the LV assist device.
Although the transmitral velocity pattern changed beat by
beat, when the average values of 10 consecutive beats were
Figure 3. Color M-mode echocar-
diogram showing the spatial (vertical
axis, calibration 5 1 cm) and tempo-
ral (horizontal axis, calibration 5
200 ms) distribution of flow from the
left atrium (LA) (top) through the
mitral valve (MV) (middle) into the
LV assist device cannula at the ven-
tricular apex (bottom). The variable
timing of LV assist device filling rel-
ative to mitral valve opening changes
the transmitral filling pattern from
one of restriction to delayed relax-
ation (see text for details). HM 5
HeartMate LV assist device filling.
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used, the overall filling pattern tended to normalize, with a
decrease in early filling, an increase in late filling and an
increase in atrial contribution to the filling. This pattern is
often observed during the convalescent stage of congestive
heart failure and indicates a decrease in filling pressure and a
reduction in LV operating stiffness (22). A decrease in mitral
regurgitant fraction will also lead to a decrease in early filling
velocity (27).
Evidence that the primary determinant of transmitral vari-
ation is due to loading changes is not incompatible with the
observation that the LV assist device improves overall diastolic
function, because the operating stiffness of the ventricle is
largely determined by loading conditions. For example, with
the device functioning, ventricular diastolic and systolic size
decreased markedly, allowing the LV to fill on a lower, flatter
portion of the diastolic pressure–volume relation, where oper-
ating compliance is higher. Little et al. (39) have shown in an
animal model that the increase in operating stiffness due to
phenylephrine infusion can be accurately predicted from the
DT: stiffness was inversely proportional to the square root of
the DT. Although this quantitative relation has not been
validated in humans (and certainly not in the highly altered
physiology of LV assist device functioning), it is likely true that
the prolonged DT seen after the device implantation indicates
increased ventricular compliance, which is also indicated by the
increased late filling velocity (40). A decrease in LV systolic
volume may also enhance elastic recoil and improve relaxation
(41,42). Raff and Glanz (43) and Brutsaert et al. (44) have
shown that a reduction in systolic pressure promotes LV
relaxation, although the decreased load during relaxation may
actually prolong tau. Because ventricular relaxation is consid-
ered to be complete at ;3.5 tau (45), the decrease in heart rate
and increase in DFP with the assist device lead to more
complete relaxation. Thus, it appears that the LV assist device
improves LV diastolic filling and function by several inter-
twined mechanisms.
Study limitations. To our knowledge, this is the first report
to observe the beat by beat nature of transmitral flow under
assist device support. However, several limitations should be
addressed. We assessed the short-term but not the long-term
effects of the device on transmitral flow, because we sought to
investigate the effects of changes in physiologic factors on LV
filling in the short-term. Changes of LV filling after long-term
support with the assist device may be influenced by cardiac
adaptation to long-term unloading and is another issue to be
pursued.
Because interventricular septal displacement depends on
the pressure difference between both ventricles, it is possible
that the unloading of the LV by the assist device makes the
septum shift leftward (33,46). This displacement may impair
LV diastolic function, as in pulmonary hypertension (47).
Although we did not specifically assess the degree of the septal
shift, our present results suggest that any detrimental effect of
the septal shift on diastolic function appears to be counterbal-
anced by the other factors.
Although changes in diastolic function usually accompany
those in systolic function, we did not assess them in the present
study. Left ventricular fractional shortening did not show
significant changes after insertion of the device. However, this
may not necessarily indicate that there was no change in
systolic function with the device. Because fractional shortening
is a load-sensitive index, it is not suitable for assessing cardiac
function in a situation where loading conditions are dramati-
cally changed, as with the LV assist device. Recently, a new
Doppler-derived index combining systolic and diastolic inter-
vals has been proposed to assess overall myocardial perfor-
mance (48). This index, along with other isovolumic time
indices, is not applicable in the present setting because ejection
time of the heart cannot be determined under LV assist device
support.
In patients who had emergency LV assist device insertion,
we were not able to perform the detailed Doppler studies
described here. Moreover, we excluded patients with atrial
fibrillation, which is often seen in patients with severe heart
failure. Thus, the number of the patients was relatively small.
However, the results derived from the measurements were
consistent among all patients and seem unlikely to be signifi-
cantly altered by a larger number of patients.
Conclusions. Before LV assist device insertion, all patients
showed transmitral flow patterns consistent with markedly
reduced ventricular operating compliance and elevated filling
pressures. With the device functioning, transmitral flow
showed rapid beat to beat variation in each patient, ranging
from an “abnormal relaxation” pattern to a “restrictive” pat-
tern in a matter of seconds. This was explained by the variable
loading conditions caused by the asynchronous device cycle
relative to the native cardiac cycle and confirmed by a numeric
simulation. Beyond this unique opportunity to observe the
effect of rapid changes in ventricular loading on transmitral
flow, we demonstrated that overall diastolic filling was normal-
ized by the LV assist device with a decrease in DT and an
increase in atrial contribution to filling. Because of the variable
nature of transmitral flow pattern after LV assist device
insertion, the timing of the device cycle must be considered
when inferring diastolic function from transmitral flow pattern.
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